Abstract. This study aims to localize the brain regions involved in the apprehension of Korean laryngeal contrasts and to investigate whether the Internal Model advanced by Callan et al. (2004) extends to first versus second language perception of these unique three-way laryngeal distinctions. The results show that there is a significant difference in activation between native and secondlanguage speakers, consistent with the findings of Callan et al. Specific activities unique to younger native speakers of Korean relative to native speakers of English were seen in the cuneus (occipital lobe) and the right middle frontal gyrus (Brodmann Area [BA] 10), areas of the brain associated with pitch perception. The current findings uphold Silva's (2006) conclusion that the laryngeal contrasts of Korean are increasingly distinguished less by VOT differences than by their effect on pitch in the following vowel. A subsequent experiment was conducted to establish whether more traditional, older native speakers of Korean who still make clear VOT distinctions also activate both the cuneus and BA 10 in the same task. Preliminary results indicate that they do not, whereas speakers with overlapping VOT distinctions do show intersecting activations in these areas, thus corroborating Silva's claim of emergent pitch sensitivity in the Korean laryngeal system.
INTRODUCTION
It has long been observed that adult speakers have considerable difficulty distinguishing nonnative sounds that correspond to a single phoneme or phonetic category in their own languages (as first reported by Lado 1957 , followed up experimentally by Eckman et al. 2003) . In confirmation of these observations, event-related brain potential (ERP) studies have exhibited different mismatch negativity (MMN) between native and nonnative, hard-to-perceive categories (Winkler et al. 1999; Sharma and Dorman 2000) , while fMRI (functional Magnetic Resonance Imaging) studies have demonstrated a measure of reorganization in brain regions involving adult learning speech sounds, specifically, of Hindi dental-retroflex contrasts (Golestani and Zatorre 2004) and Mandarin lexical tone distinctions (Wang et al. 2003) . Conversely, Golestani and Zatorre (2004) found that, after learning nonnative sounds, second-language speakers produced no significant difference in brain activation regions compared to native-language speakers when both groups performed a perception task.
Recently, however, Callan et al. (2004) (cf. also Callan et al. 2003) compared brain activation patterns involving perception of the English /r/-/l/ contrast by native speakers of English with native speakers of Japanese who had learned the English contrast over a period of one month. In contrast to Golestani and Zatorre, the findings of Callan et al. support the 'Internal Model' of neurolinguistic organization in that the Japanese learners, through training, produced an activation pattern involving certain mappings in the brain which were different from those of native English speakers. The Internal Model as advanced by Callan et al. is a mechanism that simulates how articulatory-auditory and articulatory-orosensory mappings between different brain regions are used for identifying difficult second-language phonetic contrasts.
The present study contributes to this discussion by comparing brain activation patterns between native speakers of Korean and adult native speakers of English who have learned the three-way laryngeal contrasts of the Korean stop system: tense /p' t' k'/ vs. lax /p t k/ vs. aspirated /p h t h k h /. The study aims to localize the brain regions involved in the learning of these famously difficult phonetic categories, and investigate whether there is support from Korean for the Internal Model that Callan et al. have put forward. The hypothesis associated with the Internal Model is that second language learners, in processing learned sounds that are difficult for them, will produce more activations in areas of articulatory-auditory and articulatory-orosensory mappings, whereas native speakers will rely more on the regions of auditory-phonetic representation. Preliminary results lend support to the Internal Model, showing that nonnative phoneme perception activates brain regions of articulatory-auditory and articulatory-orosensory mappings more than in native phoneme perception. The results of the experiment also indicate that there is a significant difference in activation between native and second-language speakers, contradicting the findings of Golestani and Zatorre (2004) . The most significant difference in native Korean speakers over native English speakers involved the Koreans' activation of the cuneus in the occipital lobe and the right middle frontal gyrus, areas which are known to be involved with pitch or tone perception. As will be described, this points toward a special organization of the brain particularly among younger speakers of Korean with respect to laryngeal processing.
BACKGROUND
In this section we review in some detail a breakthrough study by Callan et al. (2004) which bears importantly on the current investigation. Callan et al. investigated the neural processes underlying perceptual identification of the same phonemic contrasts by native and second-language speakers. They proposed a model of how perceptual identification is facilitated under conditions in which the phonetic distinction is ambiguous, predicting that audition-based phonetic representations will play a greater role in phoneme identification for native speakers than for second-language speakers. Specifically, then, the Internal Model is a mechanism that simulates how various mappings of different brain regions are used for identifying difficult second-language phonetic contrasts, as illustrated in Figure 1 . The model maintains that second language learners, in processing learned sounds that are difficult for them, will use articulatoryauditory (the yellow arrow in Figure 1 ) and articulatory-orosensory mappings (red arrow) more, whereas native speakers will rely more on the regions of auditory-phonetic representation (blue circle). (The magenta arrow in Figure 1 represents mapping of the induced auditory activity into an orosensory representational space, while the cyan arrows indicate reciprocal connections between the cerebellum and cortical areas involved with articulatory, auditory, and orosensory aspects of speech). The claim is thus that non-native speakers implement articulatory-auditory and articulatory-orosensory mappings as they internally "mouthe" target phonemes in order to perceive them better, 1 while native speakers, having deeper familiarity with the sounds, activate the areas of auditory-phonetic representation directly.
Specifically, Callan et al. demonstrated that, in perception of English, native speakers of English uniquely activated the audition-focused areas of the superior and middle temporal gyrus. The lower brain images in Figure 2 show activations unique to native speakers of English for the English /r-l/ perception. As (Callan et al. 2004 (Callan et al. :1183 . English /r/ and /l/ vs. vowel identification; Japanese-unique activations (upper) and English-unique activations (lower) (Callan et al. 2004 (Callan et al. :1187 .
the Internal Model predicted, it was also shown that second-language speakers (i.e., native speakers of Japanese) during perceptual identification of /r/ and /l/ uniquely activated the brain regions involved with executing articulatoryorosensory and articulatory-auditory mappings, namely, Broca's area (speech production planning), the anterior superior temporal gyrus (acoustic phonetic perception), the posterior superior temporal gyrus (articulatory gestural representaton), the supra marginal gyrus (orosensory speech representation), and the cerebellum (internal model instantiation). The upper brain images in Figure 2 exhibit brain activation regions unique to native Japanese speakers for the English /r-l/ perception.
We turn now to the methodology underlying the present fMRI study of the perception of laryngeal distinctions by first and second language speakers of Korean.
METHODOLOGY

Stimuli and procedure
Facilities for the fMRI experiment were made available by the Laboratory of Molecular Neuroimaging Technology and the Department of Diagnostic Radiology at Yonsei University College of Medicine in Seoul. Stimuli consisted of 168 monosyllabic words beginning with one of the 3-way laryngeally contrastive Korean stops (lax, tense, aspirated) followed by one of five different vowels: /a/, /e/, /i/, /o/, /u/. In addition, as a control, 56 words beginning with vowels were included.
All of the stimuli were pronounced by a 30-year old female native speaker of Seoul Korean, and recorded in a silent room at the rate of 44,100 Hz. Her speech is not the subject of this investigation, of course, but her productions showed a three-way VOT contrast across the stop types. For the three coronal stops exemplified in Table 1 , the values were: tense 12ms, lax 65ms, aspirated 92ms.
There were five test conditions, as identified in Table 1 , with 56 words in each. The first condition consisted of lax consonant-initial words, the second tense consonant-initial words, and the third aspirated consonant-initial words. The fourth condition consisted of vowel-initial words and the fifth was the baseline condition (silence). During the baseline condition, the subjects listened passively to background scanner noise (which existed in the other conditions as well), and did not respond to that trial 2 . 
Baseline <silence>
Subjects
6 English and 7 Korean speakers participated in the study. The English speakers consisted of 5 males and one female, whereas the Korean speakers consisted of 5 males and 2 females. Their ages ranged from 20 to 35. All subjects were right-handed as measured by the Edinburgh Handedness Inventory, and reported neither neurological/psychiatric illness nor speech/hearing difficulties. They were paid for their participation and gave written informed consent in accordance with the Declaration of Helsinki. All of the English-speaking subjects received Korean instruction over six to ten months in Korea, and all were at an intermediate level of proficiency.
Experimental design
An event-related design was used in order for the participants not to be able to predict the subsequent stimulus. The stimuli were presented in a pseudorandom order made using the OptSeq mechanism. Stimuli were presented every 2.5 seconds through an MR-compatible headphone set ( Figure 3 ). Using the left thumb, the task given to the subjects was to indicate which among the three consonant types they heard, or a vowel, by pressing one of four buttons. Inside the scanner, they were able to see four choices presented on the screen above their head in both English
Even though they would not see the buttons they press inside the scanner, they learned through instruction which finger to use in correspondence to the numbers [1] through [4], as coded above. By having the participants use their left hand to press the button, and because of hemispheric cross-over, we can see how the motor areas in the left hemisphere of the brain are activated without being affected by artifacts induced by button-press motor reactions. The subjects were required to respond as quickly as possible to minimize the difference in hemodynamic responses. Null trials where only silence occurs were included to be used as a baseline condition. All participants had a practice session outside the scanner in order to familiarize themselves with the experiment. This experiment was one of several that the subjects participated in while in an MRI scanner. The duration of the time that subjects stayed in a scanner ranged from 30 minutes to 1 hour, depending on how many experiments they participated in. For this experiment, the session lasted 13 minutes.
FMRI data collection and pre-processing
Brain activity was measured using a Philips 3T MRI system (IntraAchieva, Phillips Medical Systems, Best, the Netherlands) for the acquisition of a T2-weighted gradient echo planar imaging (EPI) sequence sensitive to the BOLD contrast [TR 4 5 6 = 2500ms, TE = 35ms, flip angle 90°, slice thickness = 4.5mm, 4 TR and TE are two important factors governing the time at which MR images are collected. TR, known as repetition time, is the time interval between successive excitation pulses. TE, known as echo time, is the time interval between excitation and data acquisition. Excitation denotes the introduction of energy into the 'spinning' nuclei via radio frequency pulse, thereby inducing the nuclei into a higher energy state.
scan image matrix 7 of 80×80 and field of view 8 of 220mm, voxel 9 unit of 2.75×2.78x3 mm 3 ]. In order to facilitate later spatial normalization, a highresolution T1-weighted structural MRI volume data set was also obtained from all subjects with a SENSE head coil configured with the following acquisition parameters: axial acquisition with a 256×256 matrix; 240mm field of view; 0.9375×0.9375×1.5mm 3 voxels; TE 4.6ms; TR 20ms; flip angle 25°; slice gap 0mm; 1 averaging 10 per slice.
RESULTS
Behavioral performance
We computed the accuracy scores for each subject's responses to the given stimuli inside the scanner by calculating how many responses were correct among all responses, while excluding several cases of no responses in the calculation. The scores of all subjects included in the study were significantly higher than chance performance when evaluated at 50% by an independent onesample t test (t(12) = 6.78, P < 0.05, two tails) for the lax-tense-aspirated contrast. The native Korean-speaking participants performed significantly better than the native English speakers for all stimulus conditions (t(11) = 11.38, P < 0.05, two tails).
5 The flip angle is usually defined as the angle of excitation for a field echo pulse sequence, i.e., the angle to which the net magnetization is rotated or tipped relative to the main magnetic field direction. Flip angles between 0° and 90° are used in the gradient echo sequences adopted in our study. 6 The thickness of an imaging slice is determined by the distance between points at half the sensitivity of the maximum. Selecting the best fitting slice thickness is important for image quality. 7 A matrix is an array of numbers in rows and columns. A matrix with m rows and n columns is an m × n matrix with m and n as its dimensions. The matrix used in MRI determines the resolution of the scan. 8 Field of View (FOV), usually defined in units of mm, is the size of the two or three dimensional spatial encoding area of the image. In other words, it is the square image area that contains the object of interest to be measured; thus, the smaller the FOV, the higher the resolution and the smaller the voxel size but the lower the measured signal. 9 A voxel is a volume element which represents a value in three dimensional space, corresponding to a pixel for a given slice thickness. It is often used for the visualization and analysis of medical data. 10 Averaging, often called signal averaging, is a signal-to-noise improvement method to suppress the effects of random variations or random artifacts. This is commonly used to increase the signalto-noise ratio (SNR) by averaging several measurements of the signal. The number of averages is also seen as the number of excitations or the number of acquisitions. Using multiple averages can reduce respiratory motion in the same way it increases the SNR.
Statistical image analysis
11
A random-effects one-sample t test of the {(/lax/ + /tense/ + /aspirated/) -3 × vowel} contrast for both native English and native Korean-speaking participants was conducted to locate brain regions involving the processing of Korean laryngeal contrasts by native speakers of English. This is different from vowel processing, and is not due to general differences among lax, tense, and aspirated consonants or of vowels as processed by native Korean speakers. The results of the random-effect one-sample t test of the {(/lax/ + /tense/ + /aspirated/) -3 × vowel} contrast for the native English speakers are shown in
Figure 4. Native English (left) and native Korean speakers (right) for /lax/, /tense/, and /aspirated/ perceptual identification relative to vowel perceptual identification. Upper images are from a side surface view, lower images from a sagittal view.
11 A subject's response tends to vary from trial to trial and this response is variable from subject to subject. These two sources of variability must be considered when inferring about the population (Penny and Holmes 2003) . In our fMRI experiment, 13 subjects were randomly drawn from the population at large. Thus, the subject variable is a random effect, allowing us to take sampling variability into account and to make inferences about the population from which the subjects were drawn. A one-sample t-test was used in this experiment because it tests the null hypothesis that the mean of one group or sample of observations for a given contrast is identical to zero. In our experiment, the null hypothesis is that the tested group or sample (either native English speakers or native Korean speakers) does not significantly activate any brain regions for the particular contrast {(/lax/ + /tense/ + /aspirated/) -3 × vowel}. The MNI coordinates, named for the Montreal Neurological Institute, refer to a position in the brain identified by using a large series of MRI scans on normal controls in an attempt to define a standard brain that represents the population more generally. 13 Zmax is a maximum Z value. The SPM (Statistical Parametric Mapping) method used in this study for analyzing fMRI data provides Z scores by converting the t statistics to Z scores. A higher Zmax corresponds to greater activation areas or a larger cluster size. 14 Our result that the precuneus in the Parietal Lobe is activated in the right hemisphere for native English speakers, whereas it is activated in the left hemisphere for native Korean speakers, appears to be consistent with the findings of Berman et al. (2003) that the right Precuneus shows increased blood flow during detection of (foreign) accents inasmuch as Korean functions as a foreign accent (indeed, foreign language) to native speakers of English. Figure 4 and Table 2 . Activity for this contrast in the English speakers was found bilaterally in the supplementary motor area, somatosensory association cortex (Brodmann Area 15 7) and the cerebellum as well as in Broca's area, the left anterior cingulate cortex, left cingulate gyrus, right premotor cortex, right insula, and left supra marginal gyrus.
Results of the random-effect one-sample t test for the native Korean speakers are also shown in Figure 4 and Table 3 . Activity for the same contrast in native speakers of Korean was found bilaterally in the cuneus in the occipital lobe as well as in the left supramarginal gyrus, the left precuneus (BA 7), the left angular gyrus and the right middle frontal gyrus. 
DISCUSSION
The results of the current experiment show that there is a substantial difference in brain activation between native speakers and second-language speakers, consistent with the findings of Callan et al. (2004) but in conflict with those of Golestani and Zatorre (2004) 17 . Brain activity reflecting differences in the percep-tion of lax, tense, and aspirated phonemes relative to that of vowels by native English and native Korean speakers is shown in Figure 4 and Tables 2 and 3 . There was expected significant differential activity in crus VI of the cerebellum 18 (a region known to be involved with lip and tongue motor representation and speech production; Grodd et al., 2001; Wildgruber et al., 2001) , in the left supra marginal gyrus (involved with orosensory-articulatory speech representation; Guenther and Perkell, in press), and in Boca's area as well as the premotor cortex (involved with speech production planning). Notably, however, differential activation in the acoustic-phonetic area, i.e., the anterior superior temporal gyrus, and the articulatory-gestural speech representation area, i.e., the posterior superior temporal gyrus and planum temporale, was not found in native English perceptions of Korean stops. That the Internal Model thus does not apply completely to Korean laryngeal perceptions by native speakers of English suggests that the aforementioned areas may be involved only with oral gesture representation of non-native phonetic contrasts, as opposed to laryngeal gestures.
Our results on the task of identifying the Korean three-way laryngeal contrasts relative to vowels show that some brain regions that were not incorporated into the Internal Model have greater differential activation for native English than for native Korean speakers. Regions of activation unique to English speakers are associated with speech production planning (both Broca's area and the pre-motor area), with sensory-motor integration (the cerebellum), and with attentional control and selection of responses (the supplementary motor area, the right dorsolateral pre-frontal cortex and the right cingulate gyrus; Desmond et al., 1998; Milham et al., 2003) . This is consistent with the expectation that there should be greater attentional control in selecting a perceived phonetic contrast for second language users than for native speakers.
It is interesting to note, moreover, that activation areas unique to our relatively young native speakers of Korean, aged 20-35, were found in the cuneus in the occipital lobe and the right middle frontal gyrus (Brodmann Area [BA] 10). Wong et al. (2004) and Zatorre et al. (1992) , among others 19 , have shown that the cuneus in the occipital lobe and BA 10 are involved with tone or pitch perception, and so the activation of both of these would appear to dovetail with perceptions (Hindi retroflex phonemes were used to investigate non-native perception but English alveolar phonemes to assess native perception). 18 Callan et al. (2003; maintain that the cerebellum is involved with instantiating articulatoryauditory and articulatory-orosensory internal models, but it may be instead that the cerebellum is involved with controlling the larynx along with the orosensory area and somatosensory association cortex (BA7), as the cerebellum is known to be a region of the brain that plays a key role in the integration of sensory perception and motor output Wildgruber et al., 2001) . 19 Alain et al. (2002) also found that the cuneus region is implicated in the identification of pitch. Silva's (2006) finding that the laryngeal contrasts of Korean are increasingly distinguished via their effect on pitch in the following vowel rather than by VOT differences, at least among younger speakers.
In order to explore further whether Silva's claim bears on the current fMRI results (cf. also Park 2007), we conducted a subsequent experiment to see if older speakers of Korean who still have clear VOT distinctions also activate both the cuneus and BA 10 (areas of the brain associated with pitch) in the same task. When three older Koreans aged 43-53 were scanned while performing the same task as younger Koreans, i.e., identifying whether the word that they hear begins with a lax, tense or aspirated consonant, or a vowel, preliminary results indicate that they do not activate these two areas together, whereas (typically younger) speakers with overlapping VOT distinctions do, thus corroborating Silva's claim. 20 More specifically, if an older speaker's VOT values overlap between the lax and aspirated phonation types (indicating that the subject employs pitch differences to discern phonation types in stops), the perception task should result in activation of pitch-associated areas of the brain. Following Silva's methodology, then, we used as targets 9 three-syllable words beginning with a consonant in the sentence frame, i ken ____ i-la-ko haci-yo 'this is called ___.' Each sentence was written out in Korean on index cards. Subjects were asked to read each sentence at a normal and comfortable rate of speech in three randomized orders. In order to measure mean VOT, we averaged the values of three tokens of the first consonant of each target word, a listing of which is given in Table 4 . Figure 5 illustrates the relationship between overlapping VOT and strong activation in both the cuneus and BA 10 for one older speaker, while Figures 6 and 7 show the relationship between distinct VOT and activation in only one of the two pitch areas for two other older speakers. The results for these two, then, indicate that it is not pitch differences but rather the substantial VOT distinctions that play a primary role in laryngeal contrast perception, whereas for younger (and the first of the older) speakers, the significant activation of both pitch-related areas, the cuneus and BA 10, suggests that pitch differences in the following vowel are the primary distinguisher between lax and aspirated stops. 20 One reviewer remarks that Silva's finding that the VOT distinction between lax and aspirated consonants in younger speakers is being reduced in favor of f 0 differences in the following vowel relates to speakers, not to listeners, and that therefore our fMRI results do not bear on the role of pitch in speech production. To the extent that perception mirrors production, however -indeed, arguably leads it (cf. Eckman and Iverson 2008) -we see the fMRI results as striking confirmation of the mental category distinctions that are implied by Silva's acoustic observations. 
CONCLUSION
Using fMRI techniques, the present study investigated the systematic but variable neural correlates of first versus second language perception of Korean laryngeal manner contrasts in stops. We tested specifically the Internal Model hypothesis that it is dominantly articulatory-auditory and articulatoryorosensory mappings between different brain regions that are employed in identifying difficult second language phonetic contrasts, whereas native phoneme perception involves more the regions of auditory-phonetic representation. Nonnative perception also points toward differential activation according to whether the phonemes of interest are distinguished in terms of oral or laryngeal gestures, the latter perhaps via involvement of the cerebellum. Moreover, speakers of Seoul Korean for whom VOT is no longer the chief differentiator between lax and aspirated stops were found to be activating two pitch-related areas of the brain, consistent with Silva's conclusion that Korean may be undergoing a shift in the properties that distinguish its system of laryngeal contrasts. Specifically, increased f 0 at the beginning of the vowel following an initial stop in the aspirated relative to the lax series derives from the stiffer vocal folds employed in articulation of the aspirated series (Cho et al. 2002) ; but for (generally younger) speakers now bringing together the VOT values of initial lax stops and initial aspirates, this difference in f 0 is becoming contrastive, serving as the chief cue distinguishing lax from aspirated stops. As Silva suggests, for speakers who have reduced the heretofore substantial VOT difference between lax and aspirated stops, this may call for a reinterpretation (or even replacement) of the features which distinguish the stop types phonologically. Whatever the particulars of the phonological rearrangement, however (cf. Silva 2006 for one possibility), support for it now lies not just in the acoustic signal itself, but in the mental representation of the perception of these sounds as revealed by the present fMRI study. Thus, speakers who reduce the VOT difference between lax and aspirated stops show activation of two pitch-related regions of the brain, indicating that for them the f 0 differences in the following vowel between the two stop types are significant, or phonemic. On the other hand, speakers who continue to maintain a substantial VOT difference between lax and aspirated stops, and who also show similar pitch differentiation in the vowel following, do not activate both pitch-related areas of the brain, indicating that for them the f 0 variation is still redundant, or non-phonemic. The fMRI results reported here thus confirm the mental category distinctions implied by Silva's acoustic observations and undergird the emergent development of pitch sensitivity in the Korean laryngeal system.
